Abstract Longitudinal motion significantly contributes to the contraction of the ventricles. We studied the left (LV) and right ventricular (RV) longitudinal functions in 75 anthracycline-exposed, long-term childhood cancer survivors and 75 healthy controls with conventional echocardiography, tissue Doppler imaging (TDI), speckle tracking echocardiography (STE) of the mitral and tricuspid annular motion, and real-time three-dimensional echocardiography (RT-3DE). Cardiac magnetic resonance (CMR) imaging was performed on 61 of the survivors. The survivors had lower systolic myocardial velocities in the LV and lower diastolic velocities in both ventricles by TDI than did their healthy peers. The STE-based tissue motion annular displacement (TMAD) values describing the LVand RV systolic longitudinal function (MAD and TAD mid%, respectively) were also lower among the survivors (15.4 ± 2.4 vs. 16.1 ± 2.2 %, p = 0.049 and 22.5 ± 3.0 vs. 23.5 ± 3.0 %, p = 0.035). MAD and TAD mid in millimeters correlated with the respective ventricular volumes measured with RT-3DE or CMR.
Introduction
Up to 16 % of anthracycline-exposed childhood cancer survivors develop clinical heart failure [18] . Clinical symptoms and a decrease in the left ventricular (LV) ejection fraction (EF) are late signs of cardiotoxicity. The right ventricular (RV) function has not been at focus in the assessment of anthracycline-induced cardiotoxicity mostly due to limitations in the imaging methods.
The LV wall consists of subepicardial, predominantly lefthandedly and longitudinally oriented, mid-wall circumferential and subendocardial, mainly right-handedly and longitudinally oriented myofibers [27] . The concerted function of the circumferential and longitudinal myofiber layers contributes importantly to the overall LV ejection. In children, the longitudinal deformation has been proposed to play a greater role in the LV function with their less prominent circumferential layers [26] . The RV wall consists of superficial, mainly circumferentially arranged and deep, longitudinally oriented myofibers [11] . Due to the myofiber arrangement, longitudinal shortening contributes to the great proportion of the physiological RV contraction [4, 25] .
Tricuspid annular plane systolic excursion (TAPSE) is an easily obtained, M-mode-based method for the evaluation of RV longitudinal function [4, 16] , while tissue Doppler imaging (TDI) enables the measurement of myocardial velocities and thus both the systolic and diastolic functions [36] . Speckle tracking echocardiography (STE)-based tissue motion annular displacement (TMAD) is a novel, fast, and easy method to measure LV and RV longitudinal function and correlates well with cardiac magnetic resonance (CMR) imaging [1, 31] . Yet, data on the impact of anthracyclines on LV and RV longitudinal functions among children remain limited [6, 10, 13, 14, 28] , and the use of the TMAD method has not been established among childhood cancer survivors.
Our aim was to characterize both LV and RV longitudinal functions by different echocardiographic methods and relate the results with volumetric real-time three-dimensional echocardiography (RT-3DE) and CMR data among anthracycline-exposed long-term childhood cancer survivors.
Methods

Patients and controls
We prospectively enrolled all consecutive long-term survivors of childhood cancer attending the population-based pediatric hematology-oncology service of Tampere University Hospital (Tampere, Finland) between February 2010 and June 2011, with anthracyclines as a part of their chemotherapy and having been off treatment for at least 5 years. Survivors with an active malignancy or congenital heart disease were excluded, but the four with a previously diagnosed anthracycline-induced cardiomyopathy were included. Of the initially recruited 86 patients, 76 agreed to participate, but 1 was excluded with a suboptimal acoustic window. The anthracycline dose conversion to doxorubicin isotoxic equivalents was performed according to the Children's Oncology Group recommendations (www. survivorshipguidelines.org).
Another 75 healthy children/adolescences were recruited as gender-, body surface area-, and age-matched controls. The key characteristics of the survivors and controls are presented in Table 1 .
Echocardiography
Echocardiographic examination was performed with the iE33 ultrasound machine (Royal Philips Electronics, Philips Healthcare, Bothell, WA, USA) using an S8-3, S5-1, X3-1, or X5-1 transducer depending on patient size. The two-dimensional, Doppler, and M-mode examinations were performed from the standard subcostal, apical, and parasternal views. The transducer position was optimized to minimize angulation and avoid foreshortening. An electrocardiogram was recorded 
Values are n (%), mean ± SD or median (interquartile range) a Non-normalized distribution simultaneously. Three consecutive cardiac cycles were acquired and digitally stored. The average of the three cardiac cycles was used in all the echocardiographic analyses except in RT-3DE. The transmitral and transtricuspid flow velocities were recorded by positioning the sample volume of the pulsedwave Doppler between the tips of the mitral/tricuspid leaflets in the apical four-chamber views. The peak velocities of the early filling (E) of the mitral and tricuspid inflows were measured.
Fractional shortening was derived from the M-mode image acquired from the parasternal long axis view according to the American Society of Echocardiography guidelines [19] . The TAPSE was measured from the apical four-chamber view [16] . The M-mode cursor was placed at the junction of the tricuspid valve annulus and free wall of the RV, and the total excursion of the base during systole was measured from one leading edge to the other.
The TDI was performed from the apical four-chamber view to obtain the longitudinal annular velocities with a pulsedwave Doppler mode. A sample volume of 4 mm was placed at the basal septal and lateral annulus of the mitral valve as well as the basal lateral annulus of the tricuspid valve [23] . A narrow angle sector was used to achieve a frame rate of at least 150/s. The measurements from each of the myocardial wall segments included the peak velocity during early ventricular diastole (E′) and systole (S′).
The two-dimensional echocardiograms of the LV and RV from the apical four-chamber views were obtained for the STE-based TMAD imaging [1, 7] . The data was analyzed offline using the QLAB software (Philips Q-lab, Version 9.0, 3DQA, Philips Healthcare, Bothell, WA, USA). For the LV, three points were placed in a diastolic frame: the basal septal, lateral mitral annulus, and apex. The software automatically tracked the two mitral valve annular points and calculated their absolute displacement toward the LV apex throughout the cardiac cycle. Displacement of the annular points (mitral annular displacement (MAD) septal and lateral), as well as that of the midpoint of the two (MAD mid), was expressed in millimeters (Fig. 1a) . In order to normalize for the LV length, the total midpoint displacement was also expressed as a ratio of the longitudinal ventricle length at end-diastole (MAD mid%). For the RV, another three points were placed at the septal and lateral tricuspid annulus and apex and the respective parameters (tricuspid annular displacement (TAD) septal, lateral, mid and mid%) were obtained (Fig. 1b) .
The RT-3DE was performed and the LV end-diastolic (EDV) and end-systolic volumes (ESV) and LVEF measured as previously described [35] .
Two investigators (K.Y. and T.P.) independently measured 20 randomly selected datasets for the MAD and TAD mid interobserver and the former (K.Y.) a single set twice for intraobserver variability.
Cardiac magnetic resonance imaging
Sixty-one survivors also underwent CMR imaging and the LV EDV, ESV, and LVEF were measured from the short axis slices and the respective parameters for the RV (RV ESV, RV EDV, and RVEF) from the axial slices as described [34] .
Statistical analysis
The IBM® SPSS® Statistics version 21 (IBM Corp., Armonk, NY, USA) software was used for the statistical analysis. Categorical data are presented as frequencies and percentages, normally distributed data as mean ± SD, and non-normally distributed data as median and interquartile range. The group means were compared between the survivors and the controls with the paired samples t test. The independent samples t test was used for the means among the survivors. The correlations were assessed with the Pearson's correlation coefficients for normally distributed data and the Spearman's rho test in the case of non-normality. All tests were two-sided and p values <0.05 were considered significant. The intraobserver and interobserver variations were assessed using the Bland Altman analysis [3] .
Results
Four survivors were on medication for a previously diagnosed anthracycline-induced cardiomyopathy at the time of analysis. Six pairs were excluded from the TAPSE and one from LV septal TDI analysis due to missing images. Four pairs had their LV images unanalyzable for the TMAD analysis due to inadequate image quality.
The Bland Altman plots for the interobserver and intraobserver variabilities for MAD and TAD mid are presented in Fig. 2 (Online Resource 1) .
Left ventricle
The echocardiographic data on the survivors and controls are presented in Table 2 . The former had a lower fractional shortening and RT-3DE-derived LVEF.
Again, the survivors had lower systolic LV myocardial velocities (S′). The early diastolic myocardial velocities (E′) in the LV septal walls were also lower compared with those of the controls. Transmitral to septal mitral annular early diastolic velocity ratios (E/E′) were higher among the survivors.
The mitral annular midpoint longitudinal displacement (MAD mid) and MAD mid% were lower among the survivors. The lower normal limit for MAD mid% derived from the −2 SD of our healthy controls was 11.8 %. An abnormal MAD mid% was thus detected in 3 of the 71 (4 %) survivors with 2 also having a CMR-derived LVEF of <50 % (1 had no CMR performed). None of the three had a prior diagnosis of an anthracycline-induced cardiomyopathy. The survivors with an RT-3DE-derived LVEF of <50 % had a lower MAD mid% than did those with LVEF ≥50 % (13.8 ± 2.0 vs. 15.6 ± 2.3 %, p = 0.026, respectively). The MAD mid% was also lower among those with a CMR-derived LVEF of <50 % (15.0 ± 2.4 vs. 16.3 ± 2.2 %, p = 0.028, respectively).
When comparing those exposed or unexposed to cardiac irradiation, the former (n = 9) had a lower MAD mid% than the latter (13.8 ± 1.8 vs. 15.6 ± 2.3 %, p = 0.031, respectively) or their matched controls (16.2 ± 2.1 %, p = 0.002).
Right ventricle
TAPSE did not differ between the groups, and all survivors had it above −2 SD (16.8 mm) of the healthy controls.
The systolic myocardial RV velocities did not differ between the two groups. Yet, the early diastolic myocardial velocities (E′) in the RV lateral walls were lower, and the transtricuspid to tricuspid annular early diastolic velocity ratios (E/E′) were higher among the survivors.
The tricuspid annular midpoint longitudinal displacement (TAD mid) and TAD mid% were, again lower among the survivors. The lower normal limit for the latter derived from the −2 SD of our healthy controls was 17.6 %. An abnormal Fig. 1 The four-chamber apical views used for the tracking of mitral (a) and tricuspid annular displacement (b). The points selected for LV (A) are the septal and lateral annulus of the mitral valve and LV apex and for the RV (b) the septal and lateral annulus of the tricuspid valve and RV apex. Arrows indicate the annular midpoints. The two curves represent displacement of the septal and lateral points of the valve annulus during the cardiac cycle. The color kinesis shows mitral/tricuspid annulus displacement TAD mid% was detected in 4 of the 75 (5 %) survivors and all of them had their CMR-derived RVEF of <55 % and 1 a prior diagnosis of anthracycline-induced cardiomyopathy. The TAD mid% did not differ between those unexposed or exposed to irradiation (22.5 ± 3.1 vs. 22.0 ± 2.4 %, p = 0.660, respectively). Yet, those unexposed to irradiation (n = 66) had a lower TAD mid% than did their control counterparts (22.5 ± 3.1 vs. 23.8 ± 3.0 %, p = 0.022, respectively). Eight with a cumulative anthracycline dose of ≥350 mg/m 2 had a lower TAD mid% than did those with lower doses (20.5 ± 2.7 % vs. 22.7 ± 3.0 %, p = 0.048, respectively).
Correlations
Left ventricle
The MAD mid correlated with the RT-3DE-derived LV volumes (EDV: r = 0.54, ESV: r = 0.42, stroke volume r = 0.56, p < 0.001 for all) and with the CMR-derived LV volumes (EDV: r = 0.46, ESV r = 0.43, and stroke volume: r = 0.41, p = 0.001 for all). The LVEF (RT-3DE and CMR) did not correlate with the MAD mid% (r = 0.26, p = 0.03 and r = 0.10, p = 0.451, respectively).
Right ventricle
The TAD mid showed only a modest correlation with the CMR-derived RV EDV (r = 0.38, p = 0. 
Discussion
Modern cancer therapy still renders a negative impact on the cardiac function. We demonstrate the anthracycline-exposed survivors of childhood cancer to have a statistically significant decrease in their longitudinal systolic and diastolic ventricular function compared with their matched healthy controls, even in the absence of exposure to markedly higher, historical anthracycline doses. For studying the mitral and tricuspid valve annular motions and velocities, both the TDI and STE methods were employed. The EFs were assessed with the three-dimensional imaging methods (RT-3DE and CMR) being more accurate and reproducible than the two-dimensional echocardiography was [20] . The survivors with an abnormal LVEF by RT-3DE and CMR had a depressed longitudinal motion upon comparison with those with a normal LVEF. The impairment in the LV longitudinal systolic function was most obvious among those also exposed to cardiac irradiation.
Tissue motion annular displacement
The STE-based TMAD is a novel method for assessing longitudinal cardiac function [7] . Its advantages include angleindependency, two-dimensionality, the time required, and the possibility to be performed even with a reduced echocardiographic image quality [5, 33] . To our knowledge, this is the first study to document an abnormal longitudinal LV and RV function with the TMAD among childhood cancer survivors. Our measurements of the mitral annular midpoint displacement (MAD mid) correlated with the LV volumes obtained by the three-dimensional volumetric methods, RT-3DE and CMR. In a few, mainly adult cohorts, the TMAD parameters have been demonstrated to correlate with the LVEF assessed by a two-dimensional echocardiography (biplane method) [5, 7, 33] , RT-3DE [5] and CMR [2, 31, 33] , but this was not demonstrable in our pediatric cohort. According to our results, the LV longitudinal function seems to be vulnerable to cardiac irradiation. This is in accordance with the subendocardial longitudinal myofibers being particularly susceptible to toxic impacts [12, 29, 33] .
The volumes and EFs of the RVare difficult to measure due to its complex anatomy. CMR is the best method for visualization, but it requires anesthesia in children less than 8 to 10 years of age. The TMAD is a useful method in assessing the RV function among children with its limited imaging time. These parameters (TAD septal, lateral and mid%) have been found to correlate with CMR-derived RVEF among adults [1] . To our knowledge, the RV TMAD has not been assessed in children.
The TMAD parameters of the RV (TAD mid and mid%) representing the global longitudinal function were lower among our survivors. Yet, the TAPSE and TDI of the RV measuring regional displacement and velocities failed to show a decline in the longitudinal function. Thus, we conclude that the LV partly contributes to the RV longitudinal function through the interventricular septum with the longitudinal function of RV lateral wall staying within the normal range despite a decline in the global longitudinal function [11] . The correlations between the tricuspid annular displacement (TAD mid) and CMR-derived RV volumes were weaker than those for the LV, possibly reflecting the more complex anatomy of RV.
The length of the heart varies with the age and size of children. The displacement ratio (MAD and TAD mid%) normalizes the displacement in relation to the length of the ventricles, making the comparison of the parameters easier between individuals. However, the longitudinal function remains age-dependent [21] , but pediatric reference values for the MAD or TAD mid% remain unavailable. In the present study, gender-, body surface area-, and age-matched healthy controls were employed.
We solely used the four-chamber view for the TMAD analysis. Previous studies on LV have been performed with the two-and/or four-chamber views and seem to give comparable values [2, 5, 7, 29, 31] .
Tricuspid annular plane systolic excursion
The TAPSE in an easy method to assess the RV regional longitudinal function and is employable both for adults [32] and children [16] . It measures the longitudinal function only in one direction and is angle-dependent. Abnormally low values have been documented among children with the tetralogy of Fallot years after corrective operation [15] . Yet, normal values have been reported in children with an RV volume overload due to an atrial septum defect [15] , emphasizing that TAPSE does not cover the RV function in toto.
The TAPSE has not been studied among pediatric cancer patients. One study among adult breast cancer patients showed a decline during chemotherapy [30] . All of our survivors had normal values and those for our healthy controls were in line with those previously published [16] .
Tissue Doppler imaging
Our anthracycline-exposed survivors had decreased systolic myocardial velocities at the LV septal and lateral walls and decreased early diastolic myocardial velocities at the LV septal wall. The RV TDI values were normal in systole but abnormal in diastole. These results are in agreement with previous data on anthracycline-exposed children with a decreased LV systolic function with [14, 28] or without [6, 10] RV diastolic dysfunction. Another study in childhood cancer survivors did not find abnormalities in the longitudinal ventricular function [13] .
A transmitral early diastolic velocity/TDI mitral annular early diastolic velocity (E/E′) value of ≥15 has predicted rehospitalization and cardiac mortality among adults with congestive heart failure [8] and an increased mean LV diastolic pressure [24] . We show increased LV E/E′ septal and RV E/E′ lateral ratios among our patients. Unfortunately, we currently do not have established cutoff values for the pediatric TDI parameters able to detect those with abnormal systolic or diastolic function. TDI remains optimal in a serial assessment of the same patient with the same ultrasound system [17] .
An advantage of TDI is the possibility to assess the systolic and diastolic function of both ventricles. A decreased E′ is an early marker for diastolic dysfunction usually preceding systolic dysfunction [22] .
Myocardial tissue velocities decrease from the base to the apex and are higher at the lateral mitral and tricuspid annulus than in the interventricular septum [9] . Being age-and somewhat load-dependent, the pediatric TDI velocities remain highly variable. Myocardial velocities can be measured by two different TDI methods: the pulsed-wave values have been shown to be constantly higher and more comparable between two ultrasound systems than were those derived from the color TDI [17] . Thus, it is important to use method-and age-appropriate reference values. The TDI values of our healthy controls are in line with previously published pediatric reference values [9] .
Study limitations
We were unable to assess the impact of the mildly impaired longitudinal cardiac function on exercise tolerance or the global longitudinal (only four-chamber view) and circumferential strain with STE of our survivors. Yet, the lack of established pediatric reference values for TMAD could be overcome through the use of matched controls.
Conclusion
Anthracycline-exposed childhood cancer survivors treated in 1993-2006 continue to have an impaired LV and RV longitudinal function both in systole and diastole, despite being subjected to a progressively less cardiotoxic treatment. As the multidimensional motion of the myocardium should be taken into account in the evaluation of the cardiac function, both STE and TDI constitute an optimal supplement to conventional M-mode. With the TMAD analysis being fast to perform and documented to have a low intraobserver and interobserver variability, we advocate its use as part of the imaging armamentarium in the evaluation of both the LV and RV function among childhood cancer survivors. Due to an age-and gender-specific variation in key measurements, ageappropriate reference values remain to be of key importance for the introduction of novel imaging methods into pediatric use.
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